Drug delivery Elastin-like polypeptide Recombinant fusion protein Subcutaneous depot Type 2 diabetes Fibroblast growth factor 21 A B S T R A C T Fibroblast growth factor 21 (FGF21) is under investigation as a type 2 diabetes protein drug, but its efficacy is impeded by rapid in vivo clearance and by costly production methods. To improve the protein's therapeutic utility, we recombinantly expressed FGF21 as a fusion with an elastin-like polypeptide (ELP), a peptide polymer that exhibits reversible thermal phase behavior. Below a critical temperature, ELPs exist as miscible unimers, while above, they associate into a coacervate. The thermal responsiveness of ELPs is retained upon fusion to proteins, which has notable consequences for the production and in vivo delivery of FGF21. First, the ELP acts as a solubility enhancer during E. coli expression, yielding active fusion protein from the soluble cell lysate fraction and eliminating the protein refolding steps that are required for purification of FGF21 from inclusion bodies. Second, the ELP's phase transition behavior is exploited for facile chromatography-free purification of the ELP-FGF21 fusion. Third, the composition and molecular weight of the ELP are designed such that the ELP-FGF21 fusion undergoes a phase transition triggered solely by body heat, resulting in an immiscible viscous phase upon subcutaneous (s.c.) injection and thereby creating an injectable depot. Indeed, a single s.c. injection of ELP-FGF21 affords up to five days of sustained glycemic control in ob/ob mice. The ELP fusion partner massively streamlines production and purification of FGF21, while providing a controlled release method for delivery that reduces the frequency of injection, thereby enhancing the pharmacological properties of FGF21 as a protein drug to treat metabolic disease.
Introduction
Over 30 million people in the United States are diabetic, and in 2015 alone, an additional 1.5 million new cases were diagnosed [1] , underscoring both the significant health burden and the rapidly growing nature of the disease. Type 2 diabetes accounts for the majority of newly diagnosed cases, and is characterized by insufficient insulin production by the pancreas, leading to an inability to modulate blood glucose levels. It is estimated that 40-50% of type 2 diabetics fail to achieve their individualized glycemic goals [2] , a statistic attributed both to ineffective treatment options and to poor patient compliance. There is hence an urgent need for more effective drugs that impose a minimal burden on the patient.
Fibroblast growth factor 21 (FGF21) was recently identified as an important metabolic regulator that improves insulin sensitivity [3] [4] [5] and lipid metabolism [6, 7] . Pharmacological administration of FGF21 to diabetic mice and non-human primates reduces blood glucose levels, body weight, and plasma lipids [8, 9] , and consequently FGF21 is being examined for its potential in treating type 2 diabetes. There are, however, two primary challenges to the use of FGF21 as a drug. First, the native protein exhibits poor pharmacokinetics, as it has only a onehour plasma half-life that is attributed to rapid renal clearance and proteolytic processing [10, 11] . Thus, efforts to increase FGF21's therapeutic efficacy have included mutagenesis to promote stability [10, 12] , as well as fusion to antibody fragments and PEGylation to prolong systemic circulation [10, 13, 14] . The second drug development roadblock stems from inclusion body packaging of FGF21 during recombinant production in E. coli. Current methods for manufacturing necessitate denaturing and refolding of the insoluble protein product, resulting in decreased yields, increased costs, and further impeding the utility of FGF21 as a protein drug.
We demonstrate herein a solution to these production and delivery issues through the use of an elastin-like polypeptide (ELP) fusion partner. ELPs are unstructured peptide polymers consisting of a repeated [Val-Pro-Gly-X aa -Gly] pentapeptide motif inspired by human tropoelastin. Our research group has demonstrated the application of ELPs in biotechnology and drug delivery, exploiting the biopolymer's thermal responsiveness for chromatography-free purification of fused proteins [15, 16] and prolonged in vivo release of drugs -notably the type 2 diabetes therapeutic glucagon-like peptide 1 (GLP-1) [17] . Here, we show that an ELP tag enables: (1) soluble recombinant expression of active FGF21, (2) facile purification of the ELP-FGF21 fusion protein, and (3) an injectable slow-release depot platform -all made possible through the intrinsic biophysical properties of the ELP. Subcutaneous (s.c.) administration of ELP-FGF21 to diabetic mice improves their metabolic parameters and confers blood glucose-lowering effects that are significant and sustained, thereby reducing the frequency of injection and increasing the feasibility of FGF21 as a protein drug to treat metabolic disease.
Materials and methods

Expression vector synthesis
The nucleotide sequence encoding the 182 amino acid murine wild type (WT) FGF21 protein, minus the signal peptide, was codon optimized for E. coli expression and purchased from GeneArt (Thermo Fisher Scientific). Table S1 displays primer sequences used to introduce point mutations for amino acid substitutions L99R, P172G, and L173S, designed to enhance protein stability [10] . The mutated Fgf21 gene was PCR amplified (Table S1) , digested with BseRI, and ligated into a pET24a + vector modified for seamless fusion of genes [18] .
Oligonucleotides encoding the peptide sequence ENLYFQG (Table  S1 ) were purchased (Integrated DNA Technologies, Coralville, IA), annealed, and ligated into a modified pET-24a + vector [18] . Following the previously reported seamless cloning strategy [18] , the gene encoding the ENLYFQG peptide ("tev") was fused at the 3′-end to the mutated Fgf21, and at the 5′-end to a gene encoding an ELP consisting of 60 repeats of a [Val-Pro-Gly-Val-Gly] pentapeptide. The final vector encoded the polypeptide fusion "ELP-tev-FGF21" (see Table S2 for complete amino acid sequences). A similar process was followed for generating the vector encoding "ELP Depot -FGF21" (Table S2) , however ELP Depot consisted of 120 repeats of a [Val-Pro-Gly-X aa -Gly] pentapeptide -where X aa signifies a 4:1 ratio of Val:Ala -and the gene encoding tev was omitted upstream of Fgf21.
Protein expression and purification
For production of ELP Depot without the fused FGF21, the ELP-encoding expression vector was transformed into Ultra BL21 (DE3) cells (Edge BioSystems, Gaithersburg, MD), and expression and inverse transition cycling (ITC) were carried out as described previously [16] . ELP Depot -FGF21-and ELP-tev-FGF21-encoding expression vectors were transformed into SHuffle cells (New England Biolabs), and modified methods for expression and ITC were employed as follows.
A starter culture containing 50 mL of 55 g/L terrific broth (TB) plus kanamycin was inoculated and grown overnight at 37°C with orbital shaking at 250 rpm. The starter culture was centrifuged, resuspended in TB, and used to inoculate two 1-L volumes of TB plus kanamycin in 6 L Erlenmeyer flasks. The flasks were cultured at 25°C with orbital shaking at 200 rpm until they reached an OD 600 of 0.1. Protein expression was then induced by addition of 250 μM IPTG. The culturing temperature was reduced to 16°C, and growth was allowed to proceed for an additional 18 h.
Bacterial cultures were centrifuged at 4°C for 10 min at 3365 rcf, and resuspended in cold PBS. Cell membranes were disrupted via sonication (Q500 sonicator, QSonica, Newtown, CT), and pulsed at 10 s on and 40 s off for a total sonication time of 90 s. DNA was precipitated by addition of 10% polyethylenimine, and cell lysate was separated into soluble and insoluble fractions by centrifugation at 4°C for 10 min at 23,645 rcf. The soluble fraction was brought to room temperature, and the ELP-FGF21 fusion protein was purified from solution via ITC. In this process, the phase transition of the ELP-FGF21 fusion protein was triggered by addition of 0.2 M (NH 4 ) 2 SO 4 , producing a turbid suspension due to coacervation of the ELP fusion. The suspension was centrifuged at 25°C for 15 min at 23,426 rcf; this step is referred to as a "hot spin." The supernatant was discarded and the pellet was resolubilized in PBS at 4°C with 25 rpm gentle rotation (R4045 Roto-Bot Programmable Rotator, Benchmark Scientific, Sayreville, NJ). The resulting solution was centrifuged at 4°C for 5 min at 18,407 rcf to pellet insoluble contaminants, and the supernatant was reserved; this step is referred to as a "cold spin."
The ITC process was repeated by warming the solution to room temperature, adding (NH 4 ) 2 SO 4 to trigger the phase transition, centrifuging at 25°C for 8 min at 18,407 rcf to pellet the ELP-FGF21 fusion protein, resolubilizing the pellet in PBS at 4°C with gentle rotation, and centrifuging at 4°C for 5 min at 18,407 rcf. Three total rounds of ITC were necessary to yield a purified product.
For production of FGF21 without the fused ELP, ELP-tev-FGF21 was resuspended after its final round of ITC in TEV protease reaction buffer [19] , substituting 3 mM glutathione for dithiothreitol. ELP-tev-FGF21 was incubated at 4°C overnight with an ELP-tagged TEV protease, denoted "ELP-protease" (see Supplementary material for production methods, and Tables S3 and S4 for relevant primers and amino acid sequences) at an ELP-protease:ELP-tev-FGF21 OD 280 ratio of 1:10. The phase transition of the ELPs was triggered by addition of 0.2 M (NH 4 ) 2 SO 4 and the resulting suspension containing immiscible ELP-tev and ELP-protease, as well as miscible FGF21 was centrifuged 15 min at 25°C. The supernatant containing FGF21 was dialyzed into PBS.
Endotoxin purification and testing
Recombinantly produced proteins were endotoxin-purified using Acrodisc Units (Pall Corporation, Port Washington, NY), and resulting endotoxin levels were tested using the Endosafe nexgen-PTS spectrophotometer (Charles River Laboratories, Wilmington, MA).
ERK phosphorylation assays
3T3-L1 murine fibroblasts (Zen-Bio Inc., Research Triangle Park, NC) were differentiated into adipocytes per manufacturer's instructions. Cells were serum starved for 24 h and stimulated with 100 nM ELP-tev-FGF21 or FGF21 (ProSpec Protein Specialists, East Brunswick, NJ) as a function of time. Cells were lysed in RIPA buffer (Sigma-Aldrich) and soluble fractions were analyzed. Western blots were labeled with antiphospho-ERK1/2 antibody, stripped by incubating 30 min in 50 mM beta mercaptoethanol plus 2% SDS, and reprobed with anti-ERK1/2 antibody (Cell Signaling Technology, Danvers, MA). For detection, an anti-rabbit HRP conjugate (Invitrogen) and the Pierce ECL system (Thermo Fisher Scientific) were employed.
For quantitative evaluation of ELP-FGF21 activity, a HEK293 cell line was generated that stably expressed murine KLB and FGFR1. For transfection details, see Supplementary Material. To verify FGFR1 and KLB expression in the resulting clonal cell lines, cells were harvested by a cell scraper, lysed in RIPA buffer, and soluble fractions were analyzed. Western blots were labeled with an anti-murine KLB antibody (R&D Systems, Minneapolis, MN) or an anti-murine FGFR1 antibody (Santa Cruz Biotechnology, Dallas, TX). Blots were stripped and reprobed with an anti-ERK1/2 antibody as a loading control. To ensure receptor functionality, stable clones expressing high levels of both KLB and FGFR1 were seeded at 5 × 10 4 cells/cm 2 and adhered overnight. Cells were serum starved for 6 h and stimulated with 100 nM ELP-tev-FGF21 as a function of time. Cell lysates were prepared and probed via Western blot for ERK1/2 and phospho-ERK1/2 as described previously. For the quantitative ERK phosphorylation assay, the KLB/FGFR1 HEK293 cells were seeded at 5 × 10 4 cells/cm 2 and adhered overnight.
After 6 h serum starvation, cells were treated with serial dilutions of FGF21 variants for 5 min. Cells were lysed and assessed for phospho-ERK1/2 and total ERK1/2 content using the AlphaLISA Surefire Ultra Assay Kits (PerkinElmer) and the EnSpire Alpha Plate Reader (PerkinElmer). Phospho-ERK1/2 levels were normalized by dividing the phospho-ERK1/2 signal by the total ERK1/2 signal. Data were fit to a three-parameter dose-response curve to determine EC 50 s using GraphPad Prism 6 software (La Jolla, CA).
Circular dichroism
Circular dichroism experiments were performed on ELP Depot , ELP Depot -FGF21, and FGF21 cleaved from ELP-tev-FGF21, using an Aviv Model 202 instrument and 1 mm quartz cells (Hellma USA, Plainview, NY). Scans were carried out in PBS, pH 7.4, at 10°C with a protein concentration of 10 μM. Samples were scanned in triplicate from 260 nm to 190 nm in 1 nm steps with a 1 s averaging time. Data points with a dynode voltage above 500 V were omitted from analysis. Structural estimations were carried out using BeStSel [20] , with an analysis range of 200-250 nm.
Phase behavior characterization
The lower critical solution temperature (LCST) phase transition behavior of ELPs and ELP-FGF21 fusion proteins was evaluated by monitoring the OD 350 of solutions in PBS as a function of temperature on a Cary 300 UV-Visible spectrophotometer equipped with a multicell thermoelectric temperature controller (Agilent Technologies, Santa Clara, CA). Heating and cooling were set to a rate of 1°C/min. T t was defined as the temperature at which the optical density reached 50% of its maximal value [21] .
Animals
In vivo studies were conducted in accordance with the AAALACaccredited Duke Institutional Animal Care and Use Committee. Mice were purchased from Jackson Laboratory (Bar Harbor, ME) and maintained on a 12 h/12 h light/dark cycle with ad libitum access to food (LabDiet 5053) and water. For experiments involving 125 I, water was supplemented with 0.4 wt% potassium iodide to block radionuclide accumulation in the thyroid.
Short-term efficacy studies in mice
Following 1 week acclimation, 7-9-week-old male ob/ob mice were randomized into control or treatment groups according to baseline blood glucose levels, and received a single injection of ELP Depot -FGF21, FGF21 cleaved from ELP-tev-FGF21, or vehicle into the s.c. space on the hind flank. Doses are reported in mg/kg, where "mg" represents the mass equivalent of FGF21 protein. Fed blood glucose levels were measured with an AlphaTRAK 2 Blood Glucose Meter (MEDIpoint, Mineola, NY) and body weights were recorded on days −1 and 6 of each experiment. Area under the curve (AUC) was calculated using GraphPad Prism 6 software using the trapezoidal rule and setting a Y = 0 baseline.
Fluorescence tomography
ELP Depot -FGF21 or FGF21 cleaved from ELP-tev-FGF21 were fluorescently labeled on lysine residues with Alexa Fluor® 647 NHS Ester (Molecular Probes, Eugene, OR) per manufacturer's instructions, and purified with Zeba Spin Desalting Columns (Thermo Fisher Scientific). Fluorophore conjugation stability was evaluated in vitro by incubating labeled protein in serum, and visualizing resulting products (see Supplementary material for details).
Labeled protein was diluted with unlabeled protein to yield a fluorophore concentration of 1 μM, a concentration experimentally determined as optimal for depot imaging. 6-week-old male ob/ob mice were barbered below the midline and 20 mg/kg of the labeled protein solution was injected into the s.c. space on the hind flank. Mice were anesthetized with 2.5% isoflurane, and images of the injection sites were collected using a Fluorescence Molecular Tomography 4000 In Vivo Imaging System (Perkin Elmer). TrueQuant software (Perkin Elmer) was used to quantify fluorescence in regions of interest. Standards containing known amounts of fluorophore were imaged to create a calibration curve between fluorescence units and moles of Alexa 647, which could then be correlated to moles of drug at the injection site.
Pharmacokinetic studies
Tyrosine residues on ELP Depot -FGF21 or FGF21 cleaved from ELPtev-FGF21 were reacted with Na 125 I radionuclide (Perkin Elmer) using
Pierce Pre-Coated Iodination Tubes (Thermo Fisher Scientific) and the indirect method for iodination. Radiolabeled protein was purified with Zeba Spin Desalting Columns. Activities of radiolabeled constructs were measured with an Atomlab 400 Dose Calibrator (Biodex, Shirley, NY) and correlated to protein concentration. 7-9-week-old male ob/ob mice were injected i.v. with 1 mg/kg radiolabeled ELP Depot -FGF21 or FGF21 cleaved from ELP-tev-FGF21. The fusion was injected at a dilute concentration (10 μM) to avoid LCST phase transition of the ELP within the blood vessel. 10 μL blood samples were collected at frequent time points from the tail vein, and sample counts were measured at the end of the study on a Wallac Wizard 1480 Automatic Gamma Counter (Perkin Elmer). An activity vs. count standard curve was used to convert sample counts to activities, and subsequently to moles of drug. For tracking serum drug levels following a therapeutic dose, 9-week-old male ob/ob mice were injected via s.c. with 20 mg/kg radiolabeled ELP Depot -FGF21 or FGF21 cleaved from ELP-tev-FGF21. Blood was collected and counts were measured as previously described.
Pharmacokinetic analysis
I.v. data analysis: C o is the maximum serum concentration at time zero extrapolated from early time points. V D is the volume of distribution, calculated as V D = (drug dose injected i.v.)/(C o ). AUC is the area under the concentration vs. time curve and was calculated by GraphPad Prism 6 software (La Jolla, CA) using the trapezoidal rule. AUC was estimated starting at C o and extrapolated to infinity based on a linear regression curve fit to the terminal portion of the log serum concentration vs. time curve. Terminal half-life (t 1/2, elim ) was estimated from the slope of the linear regression curve fit to the terminal portion of the log serum concentration vs. time curve. "CL" represents drug clearance, and is defined as CL = F * Dose/AUC, where F is bioavailability, equal to 1 for an i.v. drug bolus.
S.c. data analysis: The maximum serum concentration (C max ) was recorded as observed, as well as time to reach C max (t max ). AUC was estimated utilizing a serum concentration of 0 nM at time zero and extrapolated to infinity based on a linear regression curve fit to the terminal portion of the log serum concentration vs. time curve. S.c. bioavailability is defined as F = (AUC s.c. * Dose i.v. )/ (AUC i.v. * Dose s.c. ) * 100%. CL is defined as above, using the s.c. bioavailability. Absorption half-life (t 1/2, abs ) was estimated from the slope of the linear regression curve fit to the terminal portion of the log serum concentration vs. time curve. When a drug administered at an extravascular site yields a terminal half-life greater than that calculated from an i.v. bolus, the terminal half-life reflects the absorption half-life [22] .
All pharmacokinetic parameters are reported as means ± SEM.
Long-term efficacy studies in mice
7-week-old male ob/ob mice were randomized into control or treatment groups according to baseline blood glucose and percent glycosylated hemoglobin (%HbA1c) levels. Mice received an s.c. injection every 5 days of 20 mg/kg ELP Depot -FGF21, 20 mg/kg FGF21 cleaved from ELP-tev-FGF21, or vehicle control, for a duration of 8 weeks. Body weights and fed blood glucose levels were measured 1-2 times per week. Blood glucose AUC was calculated with GraphPad Prism 6 software using the trapezoidal rule and setting a Y = 0 baseline. %HbA1c was measured on t = 0 and t = 55 d using a DCA Vantage Analyzer and DCA 2000 Reagent Kits (Siemens). Blood was collected at t = 30 d for analysis of serum insulin and triglyceride levels, which were measured using the Crystal Chem Ultra-Sensitive Mouse Insulin ELISA (Downers Grove, IL) and the Abcam Triglyceride Quantification Assay kit, respectively.
Statistical analyses
Data are presented as means ± SEM. In vitro activity EC 50 s were tested for statistical significance via unpaired t-test. Blood glucose vs. time data were analyzed via two-way repeated measures ANOVA followed by uncorrected Fisher's LSD at each discrete time point. Other metrics of in vivo efficacy were analyzed via one-way ANOVA followed by Dunnett's multiple comparisons test.
Data availability
All raw data associated with this study have been deposited in the Mendeley Data repository, doi: http://dx.doi.org/10.17632/ y3ybyx47sx.2 [23] .
Results
FGF21 expression and purification is enhanced by ELP fusion
The WT murine FGF21 amino acid sequence was mutated at three sites, L99R, P172G, and L173S, to incorporate the amino acid substitutions previously identified in human FGF21 that inhibit proteolysis and aggregation [10] . The N-terminus of FGF21 was selected for fusion to an ELP, as the C-terminus is believed to be essential for binding βklotho [11, 24] , a single-pass transmembrane protein that mediates the interaction between FGF21 and its receptor [25] . An ELP was chosen as a fusion partner due to its reversible LCST phase behavior in aqueous solution [21] . ELPs have a distinct and tunable "transition temperature" (T t ), below which they exist as miscible unimers, and above which they associate into an immiscible coacervate [21] . The thermal responsiveness of an ELP is retained when genetically fused to a peptide or protein [15, [26] [27] [28] [29] , with important consequences that are illustrated herein.
FGF21 was fused to one of two ELPs, each varying in composition and MW. The first consisted of 60 repeats of the Val-Pro-Gly-Val-Gly (VPGVG) pentapeptide and was designed for facile production of the fusion protein and subsequent removal of the ELP to yield free FGF21 with a minimal N-terminal scar. The tobacco etch virus (TEV) protease cleavage sequence, ENLYFQG (denoted as "tev" hereafter), was inserted between the ELP and FGF21, resulting in the fusion protein "ELP-tev-FGF21."
The second ELP-FGF21 fusion was designed without the TEV protease cleavage motif, and the ELP sequence and MW were chosen such that the fusion protein exhibited a T t below body temperature. This ELP consisted of 120 [Val-Pro-Gly-X aa -Gly] pentapeptide repeats with a Val:Ala ratio of 4:1 at the X aa position, and was chosen based on previous studies examining the effect of ELP composition on T t [17, 29] . We predicted that body heat would be sufficient to drive the ELP-mediated phase transition upon injection, forming a viscous coacervate in the s.c. space, thereby creating an injectable FGF21 depot (Fig. 1) . This fusion was hence named "ELP Depot -FGF21."
FGF21-encoding expression vectors were transformed into an E. coli expression system, and bacteria were cultured at reduced temperatures (25°C pre-induction, 16°C post-induction) to promote solubility of the fusion proteins. Cell lysates were separated through centrifugation, and the soluble fractions were subjected to ITC, a chromatography-free purification process developed by our research group that exploits the phase transition behavior of ELPs [15] (Fig. 2A) . When samples retained throughout the purification process were visualized on a coomassie-stained SDS-PAGE gel, a 68.5 kDa band associated with ELP Depot -FGF21 was identified in the cell lysate and persisted in the soluble fraction (Fig. 2B) . The ELP moiety therefore functioned as a solubility enhancer, preventing inclusion body packaging of FGF21 and obviating the need for protein refolding. ITC purification alone was sufficient to isolate ELP-FGF21 fusion proteins from contaminants (Fig. 2B) , and this method of expression and purification yielded 50 mg soluble fusion protein/L bacterial culture. FGF21 was cleaved from ELP-tev-FGF21 by an ELP-tagged TEV protease (Fig. S1A) , and ITC purification was further utilized to isolate the free FGF21 from the cleaved ELP and ELP-protease (Fig. S1B) . For details regarding protease production, see Supplementary material.
Recombinantly produced proteins were endotoxin purified and tested to ensure that levels were within the FDA guidelines [30] . See Supplementary material for a calculation of allowable endotoxin limits, and Fig. S2 for an endotoxin test result output.
ELP-fused FGF21 maintains structure and in vitro activity
The in vitro activity of FGF21 is typically evaluated by quantifying ligand-induced ERK1/2 phosphorylation in a cell-based assay [10, 12, 14] . Appropriate cell lines must express FGF21's receptor complex, which includes FGF receptor 1c -a widely expressed isoform of the receptor -and βKlotho, present primarily in adipose tissue [31] . Adipocytes were differentiated from murine fibroblasts and stimulated with ELP-tev-FGF21 or commercially purchased FGF21 for increasing times. Both FGF21 and the ELP fusion induced transient ERK1/2 phosphorylation (Fig. 3A) , indicative of FGF21 activity. It should be noted that hereafter, FGF21 for use as a control was produced in-house due to inconsistent protein activities observed in commercially purchased FGF21.
For EC 50 determination, a HEK293 cell line was generated that stably expressed murine FGF Receptor 1 (FGFR1) and murine βKlotho (KLB). For transfection details, see Supplementary material. Receptor expression was confirmed in an isolated clone via Western blotting (Fig. 3B) , and receptor function was verified through ligand-induced ERK1/2 phosphorylation (Fig. 3C ). The resulting cell line was stimulated with serial dilutions of ELP-tev-FGF21, ELP Depot -FGF21, or FGF21 cleaved from ELP-tev-FGF21, and ERK1/2 phosphorylation was quantified. Fig. 3D shows a representative experiment (n = 3 replicates) that was repeated in its entirety at least once with similar findings. ELP-tev-FGF21 and FGF21 cleaved from the ELP had EC 50 s of 6 nM and 0.4 nM, respectively, and the EC 50 shift attributed to fusion of the ELP was statistically significant (p < 0.001). The EC 50 calculated for ELP Depot -FGF21 was not significantly different (p > 0.05) from that of ELP-tev-FGF21 (Fig. 3E) .
To identify potential alterations to the structure of FGF21 when fused to an ELP, circular dichroism (CD) experiments were carried out, comparing ELP Depot -FGF21 to an ELP control lacking FGF21 -ELP Depot -and to FGF21, cleaved from ELP-tev-FGF21. Mean residue ellipticity peaks for ELP Depot (Fig. S3A) were consistent with previous studies involving ELPs [32] [33] [34] , showing a high degree of disorder and a "shelf" at 220 nm, associated with the presence of beta turns. FGF21 was largely unstructured (Fig. S3A) , which was anticipated based on previous findings [11, 35] , and the ELP Depot -FGF21 fusion appeared a combination of FGF21 and ELP Depot (Fig. S3A) . The additive relationship between FGF21, ELP Depot , and the ELP Depot -FGF21 fusion was more apparent in the un-normalized data (Fig. S3B) . The individual spectra from FGF21 and ELP Depot were summed and the resulting "Addition" was plotted with the ELP Depot -FGF21 fusion with nearly perfect overlap (Fig. S3C) . Secondary structure percentages were quantified (Fig. S3D) , and further demonstrated negligible changes in FGF21 structure when fused to the ELP.
Phase transition behavior of ELP-FGF21 is suitable for depot formation
Previous work by our group with s.c. drug depots of a GLP1-ELP fusion has shown that a T t near 30°C results in a depot -triggered by body heat -with optimal release kinetics of the GLP1-ELP fusion [17] . In contrast, an ELP fusion with a T t < < 30°C forms an excessively stable coacervate that exhibits poor drug release, while a fusion with a T t ≥ 35°C (the temperature of the s.c. space [36] ) exhibits a bolus-type release [17] . The T t is dependent on ELP composition [37] , MW [38] , and concentration [38] , and we have developed analytical correlations for predicting an ELP's LCST phase behavior based on these parameters. Fusion of an ELP to a protein can, however, alter its phase behavior, depending upon the balance of hydrophobic and charged solvent-accessible residues of the fusion partner [26] . Thus, achieving a precise T t for an ELP fusion requires iterative cycles of de novo design, characterization, and adjustment of the ELP to ultimately arrive at a fusion protein with the desired LCST phase transition profile.
When designing an ELP-FGF21 fusion with optimal depot-forming characteristics, we selected a 120 pentapeptide ELP with a Val:Ala ratio of 4:1 in the guest residue position, termed "ELP Depot ." Fusion T t profiles were generated by monitoring the optical turbidity as a function of temperature and concentration (Fig. 4A, Fig. S4 ). The LCST phase transition behavior of ELP Depot -FGF21 was found to be reversible (Fig. 4A ) and concentration-dependent (Fig. 4B, Fig. S4 ), and the fusion exhibited a T t close to 30°C at injection-relevant concentrations (Fig. 4B) . Reversibility and the inverse dependence of T t on fusion concentration are important characteristics for an ELP-based drug depot: as fusions at the depot margin are diluted by interstitial flow, their T t raises above body temperature, thereby reversing the LCST phase transition and allowing release of fusion unimers from the coacervate. Fig. 1 . Schematic demonstrating the principles underlying the injectable FGF21 drug depot. An ELP consisting of 120 repeats of the [Val-Pro-Gly-X aa -Gly] pentapeptide, with a Val:Ala ratio of 4:1 at the X aa position, is genetically fused to the N-terminus of FGF21. At temperatures below the tunable transition temperature (T t ) of the ELP, the fusion exists as miscible unimers, while above the T t it forms an immiscible coacervate. Tuning the T t below 37°C allows body heat to trigger the phase transition in vivo, forming a depot from which unimers dissolve over time. 
Depot-forming ELP-FGF21 exhibits prolonged in vivo efficacy
For studies evaluating the short-term in vivo efficacy of a depotforming ELP-FGF21 fusion, ob/ob mice received a single s.c. injection of ELP Depot -FGF21 at 400 μM. This concentration correlates with a T t of 29°C (Fig. 4B ) and hence should result in the LCST phase transition of the fusion in the s.c. space. PBS vehicle was employed as a control, and treatment with FGF21 cleaved from ELP-tev-FGF21 was included for comparison. It has been established that a single administration of FGF21 has a transient, if any, effect on blood glucose levels in a diabetic mouse model [10, 14] . We confirmed these findings, as a 20 mg/kg FGF21 s.c. injection failed to significantly depress blood glucose levels in ob/ob mice (Fig. 5A) . Treatment with ELP Depot -FGF21, however, caused significant and dose-dependent blood glucose reductions (Fig. 5B-D) . At 20 mg/kg doses and above, the effects were sustained as long as 5 d post-injection (Fig. 5C-D) . Significant reductions in glucose AUC resulted from all ELP Depot -FGF21 doses tested (Fig. 5E) , and modest decreases in weight gain were observed at all doses, with the highest dose nearly inhibiting any weight increase (Fig. 5F ).
Imaging confirms formation of an ELP-FGF21 drug depot upon s.c. injection
ELP Depot -FGF21 and FGF21 cleaved from ELP-tev-FGF21 were fluorescently labeled with a near-infrared dye for visualization of depot formation and dissolution. Stability of the fluorophore conjugate was first evaluated in vitro by incubation of labeled protein in serum at 37°C as a function of time. When reaction products were separated by SDS-PAGE and visualized by fluorescence imaging, the MW of the observed bands were consistent with the respective calculated MWs of was measured as a function of temperature, as described in (A). The T t was defined as the temperature corresponding to the 50% maximum optical density, and was plotted against ELP concentration. Data are presented as mean ± SEM, n = 3. Fig. S5) and ELP Depot -FGF21 (Fig. S6) . A band associated with free Alexa 647 dye was visible only in positive control lanes (Figs. S5  and S6 ), confirming the integrity of the amide bond conjugating the fluorophore to the primary amine groups on FGF21.
FGF21 (
Molar equivalent doses of fluorescently labeled ELP Depot -FGF21 or FGF21 were administered to ob/ob mice via s.c. injection on the hind flank, and images were captured at injection sites at subsequent time points. Fluorescence was quantified within regions of interest as well as from standards, which revealed a linear correlation between moles of dye and fluorescence units (Fig. S7) . This correlation was used to estimate the amount of FGF21 remaining in the s.c. space based on the dye:drug molar ratio upon injection. While the bulk of FGF21 was absorbed within 24 h (Fig. 6A: bottom panel, Fig. 6B, Fig. S8 ), the absorption rate of ELP Depot -FGF21 appeared greatly prolonged, with the majority of the fusion dissipating from the s.c depot by 4 d post-injection (Fig. 6A: top panel, Fig. 6B, Fig. S9 ).
ELP fusion improves FGF21 pharmacokinetics in mice
For tracking drug levels in circulation, ELP Depot -FGF21 and FGF21 cleaved from ELP-tev-FGF21 were radiolabeled and administered either i.v. or s.c. to ob/ob mice. I.v. drug was injected at a low concentration to prevent fusion coacervation within the vessel via the LCST phase transition, while s.c. drug was administered at a therapeutic dose and a concentration concomitant with ELP-based depot formation. Blood was collected at frequent time points, and gamma counts from samples were correlated to radiolabeled protein content. Serum FGF21 concentration was plotted against time, and regression curves were fit to the data (Table S5) . Analysis of i.v. pharmacokinetic data (Fig. 7A, Table 1 ) showed that fusion of FGF21 to an ELP decreased the clearance rate from 2.0 to 0.46 mL/h, and increased the terminal half-life from 1.5 to 6.3 h. S.c. injection of a depot-forming ELP fusion further improved pharmacokinetic parameters of the protein (Fig. 7B, Table 1 ). ELP Depot -FGF21 had an absorption half-life of 16.6 h compared to 4.8 h for FGF21. Molar equivalent doses of s.c.-injected FGF21 and ELP Depot -FGF21 resulted in equivalent AUCs, however FGF21 reached a C max value three-fold higher than that observed for ELP Depot -FGF21. The depot-forming fusion remained in circulation 48-72 h longer than FGF21 before dropping below its minimum effective concentration of 20 nM, which was estimated based on efficacy data and reports in the literature for other FGF21 analogs (see Supplementary material). ELP Depot -FGF21 had a calculated s.c. bioavailability of 26.8%.
Long-term treatment with ELP-FGF21 improves metabolic parameters in mice
To evaluate long-term efficacy of the ELP fusion, molar equivalent doses of ELP Depot -FGF21 or FGF21 cleaved from ELP-tev-FGF21 were repeatedly administered to ob/ob mice every 5 days for 8 weeks. ELP Depot -FGF21 was injected at 400 μM to ensure its LCST phase transition in the s.c. space. Fed blood glucose levels and body weights (Fig. 8A-B) were monitored throughout the study, and blood draws were performed at t = 0, 30, and 55 d for evaluation of additional circulating metrics of efficacy.
Mice treated with both the ELP fusion and FGF21 displayed reductions in blood glucose levels, however glucose control conferred by Fig. 5 . Short-term efficacy of ELP Depot -FGF21 in a diabetic mouse model. (A-D) Fed blood glucose levels following a single injection of FGF21 or ELP Depot -FGF21. 7-9-week-old ob/ob mice (n = 4-5) were injected via s.c. with indicated dose of ELP Depot -FGF21, FGF21, or vehicle control and blood glucose levels were monitored. Data were analyzed via twoway repeated measures ANOVA followed by uncorrected Fisher's LSD tests at each discrete time point. Data are presented as mean ± SEM (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001;^indicates significance for 40 mg/ kg cohort; NS = treatment effects are not statistically significant). (E-F) Effects of ELP Depot -FGF21 on blood glucose area under the curve (AUC) and weight gain. AUC was calculated from the blood glucose vs. time data reported in B-D; weights were measured 1 day prior to injection and on day 6 postinjection. Data are presented as mean ± SEM, and were analyzed for statistical significance via one-way ANOVA followed by Dunnett's multiple comparisons test (*p < 0.05, **p < 0.01, ***p < 0.001).
the fusion was more consistent and sustained than that from FGF21 (Fig. 8A) . ELP Depot -FGF21 treatment significantly reduced blood glucose AUC compared to vehicle control, while the effects of FGF21 without the fused ELP were not significant (Fig. 8C) . Furthermore, over the course of the 8 week study, a consistent reduction in %HbA1c was observed in the depot cohort only (Fig. 8D) , demonstrating superior glucose control afforded by ELP Depot -FGF21 compared to FGF21.
FGF21 treatment has been shown to reduce baseline insulin levels in diabetic mice [6, 12, 39, 40] -an indication of increased insulin sensitivity -while simultaneously decreasing circulating lipids [6, 8, 13, 14, 39, 40] . Indeed, both the ELP Depot -FGF21 and FGF21 treatment cohorts displayed reduction trends for these metabolic markers. After 6 dosing cycles (t = 30 d), mean insulin and triglyceride levels were~40% lower in treatment groups compared to vehicle control (Fig. 8E-F) , indicating that the metabolic effects of long-term ELP Depot -FGF21 treatment extended beyond glycemic control.
Discussion
Ever since the identification of FGF21 as a metabolic regulator, enthusiasm over its therapeutic potential has gained momentum, with applications expanding from diabetes to obesity, hyperlipidemia, and non-alcoholic fatty liver disease [41] . However, the native protein is poorly suited for drug development due to its rapid clearance and degradation in vivo. The majority of efforts to boost FGF21's utility as a drug have thus focused on improving delivery, specifically by prolonging its systemic circulation.
PEGylation has been shown to effectively extend the serum half-life of FGF21, and conjugation of PEG at strategically chosen internal residues maintains FGF21 in vitro potency [14, 42] . A similar strategy involves covalent conjugation of FGF21 at an internal residue to the Fab fragment of an antibody. This formulation, termed "CovX-Body," retains full potency, while extending FGF21's serum half-life to 37 h [13] . Data are reported as means ± SEM. C o , extrapolated serum concentration at time zero; C max , observed maximum serum concentration; t max , time to C max ; V D , blood volume of distribution; AUC, area under the curve; t 1/2, elim , elimination half-life; t 1/2, abs , absorption half-life; CL, clearance rate; F, bioavailability; N/A, not applicable.
Recombinant fusion to the Fc fragment has the benefit of simpler manufacturing, and an Fc-fused FGF21 displays prolonged circulation with > 48 h of sustained blood glucose reduction after a single injection to diabetic mice [10] .
While these delivery approaches have proven successful in increasing the half-life of FGF21, they fail to address some significant production issues associated with the protein drug. Recombinant FGF21 is typically produced in an E. coli expression system, where the protein is packaged in inclusion bodies, structures that sequester unfolded, insoluble and biologically inactive protein within the bacterial cell [43] . Extraction of FGF21 from inclusion bodies requires chaotropes and refolding via dialysis, followed by multiple steps of chromatography to purify the protein [10, 13, 14, 42] . An additional round of chromatography is required following conjugation of purified FGF21 to PEG or CovX-Bodies [13, 14, 42] , inevitably decreasing product homogeneity and yield. The vast -and global -prevalence of metabolic disease argues for cost-effective and scalable manufacturing methods for new therapeutics, that in our view are simply not met by current production methods for FGF21.
Here, we have shown that fusion to a thermally responsive ELP provides an alternative method to improve delivery of FGF21, while concurrently improving all aspects of the protein drug production and purification processes. During bacterial expression, the ELP prevents accumulation of FGF21 in inclusion bodies such that high yields of soluble and biologically active fusion protein are obtained without the need for denaturing and in vitro refolding of the protein. While solubility enhancers typically must be removed from their fusion partners following expression, our ELP tag provides an attractive design feature by remaining fused and streamlining downstream processes. Following expression, the thermally responsive properties of the ELP are exploited for a facile chromatography-free FGF21 purification scheme that requires only the application of salt and centrifugation [15, 16] . Since the ELP is genetically fused to FGF21, the final purified product is monodisperse.
FGF21 maintains its structure and retains functional activity throughout bacterial expression and ELP-based purification, though fusion to an ELP reduces FGF21 potency by 15-fold. The observed increase in EC 50 is not unexpected; FGF21 exhibits a 4-5-fold increase in EC 50 when conjugated to PEG [14, 42] or fused to the Fc fragment (10), while ELP-fused GLP-1 is 50-fold less active compared to the native peptide [29] . Moreover, we show that the reduced in vitro potency of ELP-FGF21 is more than compensated for in an in vivo setting.
The ELP fusion confers two important therapeutic properties to FGF21: (1) the circulation half-life of FGF21 is significantly increased upon fusion to the ELP, and (2) absorption from the injection site into circulation is temporally controlled. This second feature is achieved by carefully tuning the T t such that the ELP fusion remains miscible at ambient temperature -i.e. in the syringe -but changes phase with body heat to an immiscible coacervate phase. We hypothesize that interstitial flow in the s.c space dilutes the ELP fusion unimers at the margins of the depot, raising their T t above body temperature -as the T t correlates inversely with concentration. Consequently, the LCST phase transition reverses, allowing the ELP-based depot to dissolve from the "outside-in" and release ELP Depot -FGF21 unimers into circulation.
The formation of a thermally triggered s.c. FGF21 depot, and its slow dissolution over time, results in up to 5 d of blood glucose control in ob/ob mice following a single injection. This level of sustained action, consistent with a once-weekly dosing regimen, is unmatched by the Fig. 8 . Long-term efficacy of ELP Depot -FGF21 in a diabetic mouse model. 7-week-old ob/ob mice (n = 5) received repeated s.c. injections of FGF21 or ELP Depot -FGF21 at 20 mg/kg every 5 days for 8 weeks. Fed blood glucose levels (A) and body weights (B) were monitored throughout the treatment period. (C) Blood glucose AUC was calculated from the blood glucose vs. time data reported in A. (D) %HbA1c was measured on day 55, 5 days following the final dose, and is reported as a magnitude change in %HbA1c compared to t = 0. (E-F) Serum insulin and triglyceride levels were measured on day 30, prior to a scheduled treatment dose. Data are presented as mean ± SEM, and were analyzed for statistical significance via one-way ANOVA followed by Dunnett's multiple comparisons tests (**p < 0.01). majority of published methods for prolonging FGF21 circulation. To our knowledge, the duration of blood glucose-lowering efficacy allowed by the ELP fusion is surpassed only by an Fc-fused analog incorporating a recently identified mutation to further prolong circulation [40] , and by an FGF21 dual PEGylation strategy [42] . It should be noted, however, that PEGylated FGF21 has been associated with vacuole formation in the kidneys -whereas ELPs are biocompatible and biodegradable [44] . Furthermore, PEGylated biologics are coming under increasing scrutiny as it has been estimated that as much as 40% of the population in the developed world has pre-existing antibodies against PEG [45] , resulting from prior exposure to the polymer in food and consumer products. The presence of anti-PEG antibodies can result in premature clearance of PEGylated drugs, or in extreme cases, life-threatening hypersensitivity reactions [46] .
Imaging and pharmacokinetic analyses confirm that the sustained action of ELP Depot -FGF21 is consistent with the formation of an s.c. drug depot that controls release of fusion unimers into circulation. Less than 6% of drug remains at 24 h following a bolus injection of FGF21, while the ELP depot retains 70% of the injected fusion at this time. As ELPfused FGF21 residing in the s.c. depot declines over 72 h post-injection, serum drug levels stay fairly steady, strongly indicating that ELP Depot -FGF21 unimers dissolve from the depot and enter circulation. Although the AUC values remain constant between the fusion and the free drug, the ELP Depot -FGF21 treatment results in a C max value that is three-fold lower than that observed for FGF21. These data indicate that the depot mediates absorption to inhibit burst release, an undesirable yet often inevitable consequence when delivering biologics via s.c. injection. Once in circulation, the ELP fusion slows clearance of FGF21 by fourfold, while maintaining circulating levels of ELP-FGF21 above the therapeutic threshold at least 48 h longer than those for FGF21.
The s.c. bioavailability of native FGF21 -without modifications to promote stability -is 78% in mice [9] , while FGF21-antibody fragment conjugates/fusions have bioavailabilities of 52-69% [10, 13] . Here we show that ELP-fused FGF21, delivered in the form of an s.c. depot, has a bioavailability of just under 30%. This value, while somewhat lower than that seen for other FGF21 formulations, is comparable to those reported for GLP-1 delivery from an ELP-based depot [17] . Protein processing in the s.c. space is still poorly understood, however local catabolism has been observed following s.c. administration of insulin to pigs [47] . The reduction in bioavailability associated with ELP-based drug depots may be a product of the extended residence in the s.c. space conferred by the ELP, thereby increasing the vulnerability of fused protein drugs to enzymatic processing and phagocytosis by resident cells. Nevertheless, we believe that the numerous advantages afforded by our ELP platform to FGF21 production and delivery, more than compensate for the reduction in bioavailability observed for ELP Depot -FGF21.
To investigate the long-term effects of an ELP Depot -FGF21 treatment regimen, the depot-forming fusion was administered to ob/ob mice every 5 days for 8 weeks. The injection frequency was chosen based on efficacy and imaging data suggesting that a single s.c. injection of ELP Depot -FGF21 results in a depot that persists for~5 days. Treatment with the fusion reduced blood glucose levels to a greater magnitude compared to a cohort receiving repeated molar equivalent doses of FGF21. Moreover, glucose levels in the FGF21 group appeared more erratic, displaying spikes and troughs characteristic of bolus drug injection therapy, while the ELP depot-based platform afforded tighter blood glucose control. Furthermore, a consistent 0.5% drop in %HbA1c -a metric for evaluating long-term glycemic control -was observed in the ELP Depot -FGF21 cohort only.
Both ELP Depot -FGF21 and FGF21 groups showed reductions in mean serum insulin and triglyceride levels, expanding the potential applications for ELP Depot -FGF21 to a broader range of metabolic diseases. Unfortunately the study was not sufficiently powered to achieve significance in the observed insulin and triglyceride reductions between the FGF21 and ELP-FGF21 groups, as the ob/ob mouse model typically displays a high degree of metabolic variance. However, clear trends emerged, as long-term treatment with ELP-FGF21 lowered serum insulin and triglycerides by~40%. Thus we can conclude that the reduced injection frequency allowed by the ELP depot maintains a degree of in vivo efficacy comparable to that reported in the literature resulting from more frequent FGF21 dosing regimens [6, 8, 12, 14, 39] .
Conclusions
As the incidence of metabolic disorders increases exponentially, novel drugs that target the underlying disease pathophysiology are greatly in need. However, the therapeutic feasibility of a new drug will depend not only on its efficacy but on the cost of production and ease of administration. Here we show that fusion of an ELP to the investigational protein drug FGF21 serves a triple function: the ELP enhances protein expression, massively streamlines purification, and seamlessly incorporates a controlled release drug delivery platform that is consistent with once-weekly dosing. In conclusion, an ELP-based approach to therapeutics provides a cost-effective method for drug production, as well as an innovative strategy for drug delivery, making this platform highly desirable from both a manufacturing perspective and from the perspective of the patient.
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